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HIGHLIGHTS 


►  The  surface  conducting  property  of  an  anion  exchanged  membrane  (AEM)  was  studied. 

►  The  surface  conductance  of  AEM  increases  exponentially  as  a  function  of  relative  humidity  (RH). 

►  Better  current  response  was  found  on  AEM  at  low  RH  as  compared  to  proton  exchange  membrane  (PEM). 
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The  goal  of  this  study  was  to  investigate  surface  ion  conductance  variation  in  an  anion-exchange 
membrane  (AEM)  using  current-sensing  scanning  probe  microscopy.  No  direct  correlation  was  found 
between  the  membrane  surface  topography  and  local  ion  conductance.  Smaller  and  larger  conducting 
areas  associated  with  ion  channels  and  ionic  clusters  were  identified  in  images  of  membrane  surface  ion 
conductance.  Both  the  size  of  ion  channels  and  the  density  of  ionic  clusters  tended  to  increase  signifi¬ 
cantly  at  higher  relative  humidity  (RH)  conditions.  The  ionic  conductance  of  the  AEM  was  one  order  of 
magnitude  lower  than  its  proton-exchange  counterpart  (Nation®)  at  100%  relative  humidity.  This 
decrease  may  be  due  to  the  rate-limiting  properties  of  the  studied  AEM,  such  as  lower  mobility  of  anions 
(HCO3  and  OH-),  smaller  size  of  ionic  channels,  lower  density  of  ionic  clusters,  and  lower  capability  for 
water  uptake  as  compared  to  Nation®  212.  Nevertheless,  the  ionic  conductance  was  found  to  be  higher  on 
the  AEM  when  the  RH  was  lower  than  45%.  These  results  have  direct  implications  for  the  application  of 
the  AEM  in  fuel  cells  without  humidification  systems. 

Published  by  Elsevier  B.V. 


1.  Introduction 

A  key  component  of  an  alkaline-electrolyte  fuel  cell  that  deter¬ 
mines  the  system  performance  and  durability  is  an  anion  exchange 
membrane  (AEM).  [1]  Different  types  of  AEMs  composed  of  poly¬ 
mer  backbones  with  hydrophobic  side  chains  terminated  with 
quaternary  ammonium  groups  have  been  synthesized  and  evalu¬ 
ated  [2-5].  Averaged  bulk  properties  of  these  AEMs,  including 
water  uptake  and  transport  [6,7],  ionic  transport  and  conductivity 
[6,8,9],  thermal  stability  [10]  and  ion-exchange  capacity  [10]  have 
been  studied.  However,  there  are  very  few  reports  on  the  surface 
properties  of  AEMs,  which  play  a  critical  role  in  the  electrochemical 
behavior  of  the  catalyst/membrane  interface  [4]. 
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In  fact,  the  direct  contact  between  catalyst  and  ionic  channels  in 
the  solid  membrane  electrolyte  is  a  sine  qua  non  condition  for  good 
electrochemical  performance  of  a  composite  electrode  [11].  A 
fundamental  understanding  of  the  correlation  between  the 
membrane  surface  topography  and  ion-conducting  channel 
topology  is  still  needed.  For  this  purpose,  in  situ  scanning  probe 
microscopy  (SPM)  techniques  have  been  developed  to  sense  and 
image  localized  conductive  domains  on  the  surface  of  ion-exchange 
membranes  under  potential-controlled  conditions  in  real  time 
[12-16]. 

In  this  paper,  we  present  a  study  of  the  local  surface  ion 
conductance  distribution  in  an  anion  exchange  solid  polymer 
membrane  at  various  relative  humidity  (RH)  levels  using  a  current¬ 
sensing  (CS)  atomic  force  microscopy  (AFM)  technique.  The  results 
on  a  nanometer  scale  show  that  the  surface  ionic  conductance 
and  morphology  depend  on  the  value  of  RH  strongly.  A  direct 
comparison  of  surface  ion  conductance  between  AEM  and  Nation® 
membranes  was  carried  out. 
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2.  Experimental 

The  A-006  anion  exchange  membrane  used  in  this  study  was 
obtained  from  the  Tokuyama  Corporation.  A  Nation®  212 
membrane  was  purchased  from  DuPont  and  cleaned  following 
a  standard  procedure  [17].  A  5500  atomic  force  microscope  from 
Agilent  Technologies  Inc.  was  used  to  probe  and  image  the  surface 
of  the  membrane.  A  Nanosensors  PPP-NCSTPt-10  silicon  tip  coated 
with  25  nm  thick  layer  of  Ptlr  was  employed  as  both  the  AFM  probe 
and  the  cathode  in  the  Tip/membrane/gold  system.  The  membrane 
was  hot  pressed  directly  onto  a  metallic  sample  holder  coated  with 
gold,  and  the  AFM  tip  sensed  the  surface  of  the  membrane  in  the 
contact  mode  at  a  tip-sample  force  of  ~  30-50  nN.  A  constant  DC 
bias  of  1.5  V  was  applied  between  the  AFM  tip  and  the  membrane 
sample  holder  during  the  measurements.  The  resulting  tip 
membrane/substrate  current  response  was  monitored  using 
a  1  nAV-1  current-voltage  converter. 

All  experiments  were  performed  in  an  environmental  chamber 
filled  with  air,  wherein  constant  relative  humidity  was  controlled 
via  equilibration  using  saturated  solutions  of  Sigma-Aldrich 
analytic-grade  calcium  chloride  (RH  30%),  potassium  nitrite 
(RH  49%),  sodium  bromide  (RH  56%),  sodium  nitrite  (RH  65%), 
sodium  nitrate  (RH  77%),  ammonium  sulfate  (RH  80%),  and  potas¬ 
sium  chloride  (RH  88%). 

Hydrogen  and  oxygen  evolution  reactions  proceeded  on  the 
cathode  and  the  anode,  respectively.  In  the  case  of  AEM,  with 
a  positive  bias  hydroxide  ions  formed  concurrently  with  the 
evolution  of  hydrogen  were  transported  upward  to  the  tip  and 
served  as  the  carriers  of  negative  charge.  Raster  scanning  was 
carried  out  on  the  membrane  surface,  and  both  topography  and 
current-sensing  images  were  recorded  simultaneously. 

The  bulk  ionic  conductivity  of  the  Nation®  212  membrane  and 
the  Tokuyama  AEM  A-006  sample  was  measured  at  30  °C  at 


different  RH  values  with  an  in-plane  four-probe  technique  estab¬ 
lished  in  our  previous  work  [16]. 

3.  Results  and  discussion 

Fig.  1  depicts  the  morphology  (a-d),  current-sensing  images 
(e-h),  and  the  distribution  of  surface  current  (i-j)  of  the  Tokuyama 
AEM  over  a  relative  humidity  range  from  30%  to  88%.  Generally,  the 
AEM  is  characterized  by  a  very  inhomogeneous  surface  topography. 
The  weighted  average  height,  listed  in  Table  1,  increases  with  an 
increase  in  RH,  indicating  that  the  AEM  sample  swelled  as  it 
became  more  hydrated.  However,  the  2D  average  roughness 
(Ra,  the  arithmetic  average  of  the  vertical  distance  of  measured  data 
points  from  the  mean  height)  listed  in  Table  1  shows  only  a  modest 
variation  as  RH  increases  from  30%  to  88%.  The  surface  roughness 
values  for  AEM  are  close  to  that  of  a  proton  exchange  membrane 
[18]. 

A  comparison  of  the  current-sensing  images  and  the  relative 
topography  at  the  same  RH  values  reveal  that  the  variation  of 
current  amplitude  does  not  follow  that  for  the  topography.  This 
result  clearly  suggests  that  the  surface  conductance  variation  is 
primarily  correlated  with  ionic  conducting  channels  and  clusters 
distribution  rather  than  the  variation  of  surface  morphology.  It  has 
been  shown  that  the  capacitive  current  due  to  charging  of  AFM  tips 
is  too  small  to  be  detected,  and  only  current  signals  associated  with 
electrochemical  reactions  can  be  measured  [14,19].  In  addition,  the 
electrochemical  reactions  cannot  proceed  unless  the  AFM  tip  is  in 
contact  with  ionic  networks  wherein  there  is  ion  transport. 
Consequently,  the  current-sensing  images  reflect  the  distribution  of 
ionic  networks  and  clusters  on  the  surface  of  the  AEM.  Fig.  le 
presents  a  current-sensing  image  of  the  AEM  at  dry  conditions.  The 
AEM  surface  is  characterized  by  large  non-conductive  domains, 
indicating  that  the  OH  transport  across  the  membrane  is  greatly 
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Fig.  1.  Synchronized  AFM  topography,  current-sensing  image,  and  current  distribution  of  Tokuyama  A-006  membrane  (bias  voltage:  1.5  V,  scan  size:  5x5  pm2,  scan  rate: 
2  Hz)  (a,  e,  i):  RH  =  30%;  (b,  f,  j):  RH  =  53%;  (c,  g,  k)  RH  =  70%;  (d,  h,  1)  RH  =  88%.  The  red  curves  in  the  current-distribution  plots  indicate  the  Gaussian  fit.  (For  interpretation 
of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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Table  1 

Current-sensing  AFM  results  for  a  Tokuyama  A-006  anion-exchange  membrane  at 
various  values  of  relative  humidity. 
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RH 

30% 

53% 

70% 

88% 

Hwa  (nm) 

109.2 

123.1 

135.0 

151.7 

Ra  (nm) 

5.34 

4.47 

5.85 

4.78 

a  (pA) 

3.6 

7.9 

12.5 

19.1 

A 

22 

30 

38 

69 

kva  (nA) 

0.056 

0.185 

0.497 

1.287 

Hwa  &  /wa:  weighted  averages  of  the  height  distribution  and  current  distribution 
derived  from  topography  and  current-sensing  images  of  a  Tokuyama  AE-006  anion- 
exchange  membrane. 

inhibited  without  sufficient  mobile  water  content.  As  the  RH 
increases,  more  regions  of  the  AEM  surface  become  electrochemi- 
cally  active  and  more  OH-  ions  are  accessible  to  the  AFM  tips, 
resulting  in  a  significant  enhancement  of  current  as  shown  in  Fig.  If 
and  g.  However,  there  remains  the  presence  of  non-conducting 
spots  (in  dark  blue),  which  are  associated  with  the  hydrophobic 
phase  in  the  membrane  structure.  When  the  RH  is  as  high  as  88%, 
the  membrane  surface  (Fig.  lh)  is  dominated  by  large  conducting 
areas  corresponding  to  hydrophilic  domains,  which  were  dry  and 
highly  resistive  at  lower  RH  [15].  It  thus  appears  that  the  OH~- 
conducting  clusters  tend  to  branch  out  and  merge  with  others  and 
form  larger  aggregates. 

The  current  distributions  of  the  AEM  membrane  at  different  RH 
are  shown  in  Fig.  1  i-1.  Of  great  interest  is  the  observation  that  the 
conductance  distributions  derived  from  the  integral  current  of  the 
entire  area  show  Gaussian  fits  as  opposed  to  random  surface  height 
distributions.  Similar  to  the  results  obtained  in  our  study, 
a  Gaussian  current  distribution  was  also  observed  for  both  Nation® 
112  and  Nation®  117  proton-exchange  membranes  [13].  The 
conduction  distribution  may  provide  information  about  inner  ionic 
channels  because  the  current  flow  may  spread  largely  inside  the 
membrane.  Theoretical  equations  to  describe  the  conductance 
distribution  are  shown  as  follows  [20]: 


Cpeak  — 

(1) 

AC  =  2V21n2VA-ff 

(2) 

where  Cpeak  is  the  center  peak  value;  AC  is  the  full  width  at  half 
maximum  (FWHM);  a  is  the  current  value  in  a  single  channel;  and  A 
is  the  averaged  number  of  the  contacting  ionic  clusters  with  the 
probing  tip.  It  has  to  be  emphasized  that  the  Eq.  (2)  is  only  valid 
when  X  >  10  in  order  to  meet  the  requirement  that  the  Gaussian 
fitted  distribution  is  a  good  approximation  of  a  Poisson  distribution. 

The  A  and  a  values  were  calculated  with  data  from  Fig.  li-1  using 
the  above  equations  and  the  results  are  shown  in  Table  1.  Better 
conductance  from  a  single  ionic  cluster  that  connects  to  anionic 
channels  across  the  membrane  at  higher  RH  may  result  from 
swollen  ionic  channels  and  smaller  barrier  energy  for  OH-  ion 
transport.  As  can  be  expected,  a  larger  number  density  of  ionic 
clusters  and  membrane-spanning  aqueous  domains  at  higher  RH  is 
also  observed.  This  result  supports  other  researchers’  claims  that 
anion  transport  pathway  is  shorten  at  higher  water  contents  for  an 
AEM  [21]. 

Although  detailed  numerical  simulations,  molecular-modeling 
methods,  and  other  experimental  techniques  are  required  to  fully 
unravel  the  origins  of  conductance  variation  with  water  content  in 
AEMs,  we  can  invoke  the  postulate  that  this  variation  is  related  to 
a  change  in  the  microstructure  of  the  membrane  material,  based  on 
the  above  CSAFM  images  and  the  calculation  for  A  and  a  values.  For 
a  modest  extent  of  swelling,  narrow  channels  exist  between  ionic 
clusters,  which  enhance  the  energy  barrier  for  ion  transfer  between 


Fig.  2.  Weighted  averages  of  conduction  current  from  current-sensing  images  for 
a  Tokuyama  A-006  AEM  and  a  Nafion®  212  PEM  at  different  relative  humidity  values. 

two  adjoining  sides.  In  contrast,  for  great  extent  of  swelling  where 
all  sites  being  considered  as  energetically  equivalent,  the  anion 
diffusion-migration  transport  process  is  more  facile. 

With  the  prerequisite  that  the  AEM  and  its  counterpart  (Nafion) 
were  examined  under  exactly  the  same  conditions,  a  comparison  of 
conducting  ability  between  these  two  types  of  membrane  can  be 
made.  Fig.  2  shows  logarithmic  plots  of  weighted-average  current 
values  (Jwa)  of  current  distribution  versus  RH  for  the  AEM  sample 
and  a  Nafion®  212  sample.  In  both  cases,  the  log  /wa  value  increases 
linearly  with  RH.  The  AEM  shows  better  conductance  than  Nafion® 
212  at  low  RH  (RH  <  50%).  Considering  the  fact  that  the  Tokuyama 
AEM  is  fabricated  by  a  radiation-graft  method  from  polyethylene,  it 
may  have  more  direct  conduction  path  than  the  Nafion® 
membrane.  Nevertheless,  an  order  of  magnitude  lower  conduc¬ 
tance  was  found  on  the  AEM  sample  as  compared  to  the  Nafion® 
212  membrane  when  the  membranes  become  fully  hydrated.  A 
similar  trend  was  also  found  with  the  comparison  of  the  bulk 
conductivity  of  Nafion®  212  and  the  AEM  sample  (see  Fig.  SI).  The 
enhancement  of  surface  conductance  of  fully  hydrated  Nafion®  212 
over  the  Tokuyama  AEM  can  be  explained  by  (a)  The  AEM  sample 
may  have  a  smaller  rate  constant  for  the  elementary  ion-transfer 
step  due  to  interactions  between  the  mobile  ions  and  the  fixed 
sites,  (b)  the  smaller  sizes  of  the  ionic  clusters  and  lower  number 
density  of  ionic  channels  for  AEM,  and  (c)  the  higher  water-uptake 
capacity  of  Nafion  than  that  of  the  AEM.  All  of  these  aspects  play 
a  significant  role  and  must  be  taken  into  account  when  considering 
strategies  for  improvement  of  intrinsic  properties  of  AEMs  for 
applications  in  alkaline  fuel  cells. 

4.  Conclusion 

An  anion-exchange  membrane  (AEM,  Tokuyama  A-006)  was 
studied  by  means  of  a  current-sensing  AFM  technique.  High- 
spatial-resolution  topography  and  current-sensing  images  were 
recorded  simultaneously.  The  distribution  of  membrane-spanning 
hydrophilic  domains  and  ionic  clusters,  which  are  responsible  for 
OH^-ion  transport,  were  observed  directly.  Significantly,  no  corre¬ 
lation  was  observed  between  topographic  features  and  the 
conductance  distribution.  Interestingly,  this  study  also  demon¬ 
strated  that  the  conductance  distribution  of  the  AEM  follows 
a  Gaussian  function  at  different  values  of  RH.  Based  on  data  fitting 


376 


Q.  He,  X.  Ren  /  Journal  of  Power  Sources  220  (2012)  373-376 


and  calculations,  we  found  that  both  the  current  in  a  single  channel 
and  the  average  number  of  clusters  contacting  the  probing  tip 
increase  with  increasing  RH.  We  conclude  that  the  swelling  of 
surface  and  percolated  ionic  channels,  enlarged  surface  contact 
area,  and  greater  ion-transport  rates  can  account  for  the  expo¬ 
nential  growth  of  surface  conductance  of  AEM  as  a  function  of  RH. 
Finally,  reminiscent  of  a  Nation  membrane,  a  linear  plot  of  log  ( Jwa) 
(weighted  averaged  current)  versus  RH  was  found  for  the  AEM.  The 
AEM  shows  better  current  response  at  low  RH  but  one  order  of 
magnitude  lower  Jwa  values  compared  to  Nation  under  fully 
hydrated  conditions. 
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